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Introduction
Silicon carbide (SiC) has been recognized as a potential candidate for large-scale quantum computing applications, nose covers in Airborne laser (ABL) devices, laser radar systems, vacuum ultraviolet (VUV) telescopes and weather satellites. 1 There is also a growing interest in the use of SiC in the optics industry for space based laser mirrors as a replacement for beryllium. 2 Due to its superior properties, such as high-temperature resistance and chemical inertness, SiC is being actively explored as a future material for advanced semiconductor electronic device applications, 3 leading to a potential demand for cost effective manufacturing of complex SiC components with mirror finish. Davies et al. 4 have quoted Fortune 5 saying that "Ultraprecision machining (UPM) is doing for light what integrated circuits did for electronics".
Single point diamond turning (SPDT) is now an established ultra precision manufacturing method to obtain mirror finish surfaces right up to the edge of the element 6 on a variety of brittle materials. 4, [7] [8] [9] [10] In fact, the diamond turned optical surface has a better metallurgical structure than that obtained after machining using polishing and lapping processes. 11 Therefore, significant cost reduction can be achieved to produce optical quality and damage-free SiC surfaces through diamond turning as it will require fewer manufacturing steps than grinding, polishing and lapping methods.
SiC exhibits one-dimensional polymorphism, all polytypes having the same planar arrangement of Si and C atoms but different stacking sequences. About 250 polytypes of silicon carbide (SiC) have been recognized by their energetic equivalence demonstrated through theoretical thermodynamic calculations. 12 The two major polymorphs are ␣-SiC and ␤-SiC with hexagonal and zinc-blende lattice structures, respectively. The main engineering properties of ␤-SiC (3C-SiC) and ␣-SiC (6H-SiC and 4H-SiC) are listed in Table 1 , along with the corresponding values for single crystal silicon as a reference material.
It can be seen that the properties of the individual polytypes differ significantly despite the fact that all share the same tetrahedral geometry of silicon and carbon atoms as shown in This difference in material properties of various polytypes of SiC is fundamentally attributable to the difference in the stacking arrangement of SiC bilayers along the c-axis of ␤-SiC and along the (0 0 1) direction of ␣-SiC. 30 Fig. 2 shows the stacking sequence of silicon and carbon atoms in various polytypes of SiC.
It can be seen from Fig. 2 that, if the first Si-C layer is labelled A, a close packed structure can be obtained placing the next layer at either of positions B or C. The various polytypes of SiC are simply permutations of three such positions. Thus defined, the stacking sequence is ABC in 3C-SiC, ABCB in 4H-SiC and ABCACB in 6H-SiC. Although, SPDT of 6H-SiC, 31, 32 CVD(polycrystalline) 3C-SiC, 1 RB-SiC 10 and 4H-SiC 33 has been successfully demonstrated, a theoretical study at a fundamental atomic level will answer some key questions which are difficult to observe on-line during experiments. For example, it is important to know if it is possible to generate defect-free surfaces in all the major polytypes of single crystal silicon carbide, and, if so, under what machining conditions. Also, it is of interest to know if some polytypes are more amenable to SPDT. Hence, it is worthwhile to simulate the SPDT mechanism for all polytypes of SiC simultaneously, which is the key motivation for the current work to characterize quantitatively the nanometric machinability and investigate the feasibility of SPDT for various polytypes of SiC in a way that is indexed to silicon, which is comparatively well-studied. This is an important precursor to experimental studies, which would not only be expensive, but would also not permit direct observation of all the events occurring at the atomic level, which normally take place over timescales in the femtosecond range. Not every simulation method is suitable for this application; for example, the classical theory of finite element method (FEM) assumes the material to behave as a continuum whereas the relevant atomic level phenomena are discrete.
If, as suspected, the key to such processes lies in understanding the atomic level events, MD should be an appropriate simulation approach, as it is one which has already been successful in addressing a number of key problems concerning nanometric cutting processes. [34] [35] [36] [37] [38] The relatively slow computational speed can be overcome using the quasi-continuum (QC) multi-scale simulation method 39 which harnesses the combined advantages of both MD and FEM. However, QC software is yet to be developed to simulate silicon-like complex diamond cubic lattices. Considering the above limitations, this paper adopts a state-of the-art MD simulation employing a suitable three-body potential energy function for describing the SPDT of various polytypes of SiC alongside silicon as a reference material.
MD simulation
A public-domain computer code, known as "Large-scale atomic/molecular massively parallel simulator" (LAMMPS) 40 was used to perform the MD simulation. The following paragraphs give details of the implementation of this code for the simulation in hand.
MD simulation model
A schematic diagram of the nanometric cutting simulation model is shown in Fig. 3 . Both the single-crystal SiC workpiece and the diamond cutting tool have been modelled as deformable bodies in order to study the tribological interactions between the two. This is in contrast to previous simulations which have taken the cutting tool to be a rigid body, a reasonable assumption if the focus of interest is the mechanism of nanometric cutting rather than the tool wear. [41] [42] [43] The model developed in this work is based on the boundary condition of bottom and closed cut out side which was found more appropriate to study nanometric cutting process. 44 Also, the MD model incorporates a negative tool rake angle, as this is generally recommended for machining brittle materials. 45 The atoms of both cutting tool and workpiece were allocated into one of the three different zones: Newton atoms, thermostatic atoms and boundary atoms.
The essence of nanometric cutting simulation through MD is simply a classical solver of Newton's second law of motion, where the atoms in the Newton and thermostatic zones are assumed to follow Newton's second law as follows:
where a ix represents the ith atom's acceleration in the x direction and m i is the mass of the ith atom. F ix is the interaction force acting on the ith atom by the jth atom in the x direction, x i is ith atom's x-coordinate and V is the potential energy function. The boundary atoms are assumed to remain unaffected during the simulation and thus remain fixed in their initial lattice positions, serving to reduce the boundary effects and maintain the symmetry of the lattice. In conventional machining operations, the energy from plastic deformation in the primary shear zone and friction at the tool-chip interface generate heat, which is carried away by chips and lubricant and by conduction into the tool and workpiece. The nanometric cutting model is, however, extremely small and is not capable of dissipating the cutting heat itself. The motion of the thermostatic atoms is therefore re-scaled to a temperature of 300 K at every time step. The velocity of the atoms can be used to compute the local temperature of the atoms using the relationship between kinetic energy and temperature:
where N is the number of atoms, v i represents the velocity of ith atom, k b is the Boltzmann constant (1.3806503 × 10 −23 J/K) and T represents the atomistic temperature. However, the instantaneous fluctuations in kinetic energy per atom would be very high so these are averaged temporally and/or spatially over few timesteps and reassigned to each atom at every N steps to be converted into equivalent temperature. It should be noted here that the movement of the tool will also contribute to the kinetic energy so the component of tool displacement should accordingly be subtracted.
Potential energy function
A potential energy function fundamentally governs the accuracy and reliability of the results obtained from the MD simulation. Hence, an appropriate potential function for silicon and carbon interactions must be chosen. The Tersoff potential function, being a three-body potential function, can provide a more realistic description of covalent bonded materials like silicon and carbon, so it was used to describe Si-Si, C-C and Si-C interactions as follows: where E i is the site energy, the sub-function, V ij describes the energy between two atoms (i and j), (i, j and k) label the three atoms of the system, f R represents a repulsive pair potential, f A represents an attractive pair potential, f C represents a smooth cutoff function to limit the range of the potential, r ij is the length of the i-j bond, b ij is the bond order term, ζ ij counts the number of other bonds to atom i besides the i-j bond, θ ijk is the bond angle between the bonds i-j and i-k and χ Si-C is the mixing parameter. The potential function parameters and process variables which were used in the current MD simulation model are listed in Tables 2 and 3 .
MD simulation setup
The MD simulation model was developed by replicating the unit cell using periodic boundary conditions. This was followed by energy minimization to avoid overlaps in the positions of the atoms. The simulation model was equilibrated to 300 K under the micro canonical (NVE) ensemble and the initial velocities of the atoms were assigned in accordance with a Maxwell-Boltzmann distribution. During the equilibration process, the total energy is not conserved and so the trajectories must not be used to compute any properties while the potential energy continues to convert to kinetic energy and vice-versa. This procedure causes the temperature to fluctuate until it becomes stationary. Once sufficient time has been given for equilibration, the velocity scaling is removed and the system then follows NVE dynamics. Different views of the unit cell of SiC are shown in Fig. 4 where the green and red colours 1 correspond to silicon and carbon atoms respectively. Visual Molecular Dynamics (VMD) software 48 was used for enhanced visualization of atomistic data.
Results and discussions
This section covers observations and discussion of the significance of the MD simulations in terms of the cutting forces, cutting hardness, chip morphology, workpiece deformation, temperature in the cutting zone and, finally, the tool wear. Fig. 5 shows schematically the orientation of the components of cutting force acting on the tool. The "cutting force" (F c ) acts in the x direction, the "thrust force" (F t ) acts in the y direction and F z acts in the direction orthogonal to the X and Y planes. A comparison of the main components (thrust and cutting forces) for all the simulations is shown in Fig. 6 .
Cutting forces and cutting hardness
It can be seen from Fig. 6 that the magnitudes of the forces are significantly higher for all polytypes of SiC compared to silicon and, as with the thrust force (F y ), the highest in magnitude is for 3C-SiC, followed by 4H-SiC and 6H-SiC in that order. The magnitudes of the cutting forces (F x ) were however, found to be in a different order, the highest being for 3C-SiC, followed by 6H-SiC and 4H-SiC. Fig. 7 shows an individual comparison of thrust and cutting force development for each material. It seems that the cutting forces (F c ) are higher than the thrust forces (F t ) for machining silicon, whereas the reverse is the case for SiC. In conventional cutting, the dominance of cutting forces over thrust forces is attributed to the larger shear plane area which results from a decrease in shear angle.
The magnitude and nature of the thrust and cutting forces observed in 3C-SiC here are in close agreement with another MD simulation study which used the ABOP formalism based potential energy function. 49 Patten and Gao 50 have demonstrated that increasing the negative tool rake angle will increase the thrust force (F y ) compared to the cutting force (F x ) during SPDT. It is of further interest to note that higher cutting forces were observed while cutting 6H-SiC with a tool having a negative rake angle of −45 • . 31 However, the cutting tool deployed had a very large clearance angle (40 • ) and hence it experienced lower thrust forces than cutting forces. Neither thrust force nor cutting force in the current case is a clear criterion to assess the relative machinability of the material. The difficulty in evaluation of the machinability of the material can, however, be overcome using the "cutting hardness", which has been suggested 51 as a quantitative indicator of the cutting resistance of a material irrespective of the machining parameters, expressed as follows:
Average cutting hardness = resultant force volume of material removed
where F t and F c are the thrust and cutting forces, respectively, b is the width or depth of cut, d is the uncut chip thickness and l is the length of cut. The evolutions of cutting hardness for 3C-SiC, 4H-SiC, 6H-SiC are shown in Fig. 8 , compared with the reference material, silicon.
The average values of cutting hardness over the 10 nm tool advancement for silicon, 3C-SiC, 6H-SiC and 4H-SiC were found as 9.1, 26.4, 19.2 and 25.5 respectively, so 3C-SiC offered the highest cutting resistance (∼2.9 times that of silicon) followed by 4H-SiC (∼2.8 times silicon) and 6H-SiC (∼2.1 times silicon).
The ratios of transition pressure and cutting hardness were found to be 2.25, 2.15, 1.75 and 1.42 for 6H-SiC, 3C-SiC, 4H-SiC and silicon respectively. A study made during the 1970s reported this ratio in carborundum as 1.69 52 and looks in reasonable agreement with the value of 1.75 obtained for 4H-SiC.
Chip morphology and sub-surface crystal lattice deformed layer depth
The sub-surface damage thickness is critical information at each step of the manufacturing process. Monnoye et al. 53 have indicated that different experimental methods e.g. Normarski observation, transmission electron microscopy, Rutherford backscattering, photon backscattering, KOH etching, Raman scattering and even positron annihilation have been used to identify the sub-surface deformation layer depth. Since all the machining parameters in the current simulation were kept the same, the sub-surface deformation will give a useful relative measure for the individual polytypes. Moreover, chip morphology and subsurface deformation are of critical interest because they govern the obtainable surface finish and form accuracy. In the current simulation, although, both SiC and silicon show curly chip formation, the extent of this varies and the finished surface and subsurface obtained after machining differs significantly. Thus, severe plastic deformation, compounded with high pressure underneath the tool, results in alteration of the microstructure in the sub-surface of the machined component. Depending upon the characteristics of the sub-surface, this may influence component life by its effect on residual stress, fatigue and creep. The chip shapes in Fig. 9 show that chip formation has taken place in all four materials by deformation rather than fracture, i.e. that ductile-regime machining could be achieved. Fig. 9 also shows an estimate of the sub-surface deformation depth below the uncut surface directly under the tool position for all the polytypes of SiC and silicon. The quality of the finished surface (indicated by the deformed layer depth) appears to be the best obtained on 4H-SiC, followed by 3C-SiC, silicon and, finally, 6H-SiC whose sub-surface is heavily distorted. This can be quantified by subtracting the uncut chip thickness from the estimate shown in Fig. 9 , giving maximum sub-surface deformed layer depths from the finished surface of 0.32 nm, 0.42 nm, 1.54 nm and 1.15 nm accounting for about 1.24, 1.32, 2.18 and 1.87 times the uncut chip thickness for 4H-SiC, 3C-SiC, 6H-SiC and silicon, respectively.
Experimental measurement of sub-surface deformation depth is time consuming and difficult. Whereas the nanometric cutting and nano-indentation processes differs 54 , the sub-surface deformation measured experimentally during nano-indentation on 6H-SiC, found to be 2.5 times the maximum indentation depth 55 provides further evidence that 6H-SiC is apt to undergo large sub-surface deformations during contact loading. To further confirm these findings, the critical crack length, which is dependent on the fracture toughness and hardness has been calculated as shown in Table 4 .
Amongst the polytypes, 3C-SiC has the maximum fracture toughness and maximum hardness while 6H-SiC has the least hardness and shares the same fracture toughness as 4H-SiC. The ductile regime machining model 58 assumes that fracture damage starts at a critical chip thickness so that smaller critical crack lengths are desirable in order that a crack free machined surface is obtained making 4H-SiC the preferred choice over other polytypes for SPDT. Thus, both MD and the ductile regime machining model suggest that 6H-SiC give the poorest and 4H-SiC the best surface conditions.
It is interesting to note that, despite the differences between the nano-indentation process and nanometric cutting processes, it's a similar ductile response is found for silicon in both [59] [60] [61] , which occurs by the virtue of high pressure phase transformation (HPPT). In contrast to silicon, silicon carbide has been reported to give different responses some 62, 63 suggesting, for example that 3C-SiC undergoes amorphization and another group suggesting that it transforms from its stable zinc-blende lattice structure to a rocksalt structure 15, 64, 65 . Similarly, different responses have been reported, for 6H-SiC and 4H-SiC, including transformation to a polycrystalline phase, 55 no high pressure phase transformation 10, 66 and dislocation nucleation followed by propagation within the zinc-blende phase. 67 Since, nanometric cutting involves high pressure and moderate temperature 31 in the cutting zone, an sp 3 -sp 2 transition right under the wake of the tool was suggested as a mechanism for the ductility of 3C-SiC. 68 This is further consistent with the fact that SiC, in common with diamond, requires a lower force for bond-bending than bond stretching, the opposite to other typical semi-conductors such as Si, Ge, Si 3 N 4 or GeAs. 69, 70 3.3. Temperature during the machining process Fig. 10 shows the average rise in temperature of the cutting edge of the tool and on the workpiece as the tool moves through each of the workpiece materials.
The 3C-SiC showed the highest temperatures both on the cutting edge and the workpiece followed by 4H-SiC, 6H-SiC and silicon, so that all polytypes of SiC result in higher cutting temperatures than single crystal silicon. A high temperature in the cutting zone reduces the life of diamond tools 37 as it reduces hardness through graphitization of the diamond a process which is accelerated further in the presence of properly directed shear stresses. 71 This mechanism can be examined by analysis of the radial distribution function, as discussed in the next section. High temperatures are, of course, known to compromise the life of diamond tools, and an appropriate coolant may help to ameliorate this and provide improved surface roughness as well. 72, 73 
Tool wear
Wear of diamond tools is undesirable in SPDT not only because of the replacement cost but also because of its effect on the attainable surface finish. In-process degradation of the diamond tool due to wear may alter the tool-workpiece contact and hence the machining conditions which can cause a sudden transition of material removal mechanism from ductile mode to brittle fracture in the cutting region with consequent deterioration in surface finish.
A good understanding of the wear mechanism is an essential step in identifying mitigation measures. Recently, it has been reported that diamond tools undergo graphitization during nanometric cutting of 3C-SiC. 49 However, the root cause of tool wear during nanometric cutting of other polytypes of SiC is still unknown.
It is widely accepted that measurement of the variation in inter-atomic distance during machining simulations gives insights into the wear mechanism. For this purpose, the radial distribution function for diamond tool is plotted before and during nanometric cutting in Fig. 11 , which shows that, before cutting, the radial distribution function −g(r) has a peak at 1.54Å which is the known bond length of diamond 74 while a few bonds on the surface (dangling bonds) result in a small peak (visible as a slight asymmetry of the 1.54Å peak) at 1.42Å. During machining, with the continued advancement of the tool, this small peak continues to grow at the expense of the number of atoms with a bond length of 1.54Å. This observation is common for all the polytypes of SiC but with varying magnitude. The value of 1.42Å is the known bond length of another stable allotrope of carbon, graphite 75 which is much weaker than diamond due to its chemical structure. Thus, g(r) confirms graphitization of diamond tools during SPDT for all the polytypes of SiC. It is also now known that, while machining silicon, diamond undergoes graphitization in addition to the formation of silicon carbide, albeit via a combined process of chemical and abrasion wear. 61 . Based on this, a novel, generic methodology to quantify tool wear from MD simulations using the change in coordination number has been recently reported by the authors. 49 The evolution of the percentage tool wear for all the cases using this approach is plotted in Fig. 12 . Fig. 12 suggest that the most rapid wear will occur while cutting 3C-SiC and 4H-SiC, interestingly, that 6H-SiC will show the least wear among the polytypes of SiC, approaching that of silicon. The increasing order of wear seems reasonably in line with the fact that the cutting hardnesses of 3C-SiC and 4H-SiC were higher than 6H-SiC, although there is a significant drop to reach that of silicon.
Conclusions
An MD simulation model has been used to develop a quantitative and qualitative understanding of the single point diamond turning of various polytypes of SiC with reference to silicon.
The following conclusions can be drawn accordingly:
1. A relatively new parameter, "cutting hardness" indicates that 3C-SiC (∼2.9 times that of silicon) offers the highest cutting resistance followed by 4H-SiC (∼2.8 times silicon) and 6H-SiC (∼2.1 times silicon). 2. The thrust forces observed while machining SiC were higher than the cutting forces, whereas the opposite was the case for silicon using the same cutting conditions. 3. Deformed chips were generated in all cases which indicate that ductile regime machining is possible on all polytypes of SiC as well as silicon. However, there was a significant variation in the indicated quality of finished surfaces and subsurface crystal lattice deformed layer depths. The simulations indicated that 4H-SiC would produce the best sub-surface integrity followed by 3C-SiC, silicon and 6H-SiC. Thus, despite showing the lowest cutting resistance, 6H-SiC indicates the worst sub-surface integrity of the polytypes studied. 4. Cutting temperatures on the tool and workpiece also indicated that 3C-SiC offered the most cutting resistance followed by 4H-SiC, 6H-SiC and silicon. 5. The RDF and development of carbon co-ordination number both indicated that diamond cutting tools would graphitize due to abrasion against all the polytypes studied. While 3C-SiC and 4H-SiC indicated a high volume of wear, 6H-SiC suggests intermediate tool wear but still somewhat higher than silicon. 6. Considering all the above findings, it is reasonable to conclude that two of the polytypes may be suitable for SPDT, 4H-SiC offering the same cutting resistance as 3C-SiC but providing a better surface with less tool wear. However, 6H-SiC offered about half the cutting resistance of 4H-SiC but generated a poorer surface. Thus, the choice between 6H-SiC and 4H-SiC would be dictated by the trade-off between machined surface quality and cost considerations.
It must be noted here that the conclusions on the nanometric machinability of 3C-SiC are valid only for single crystal 3C-SiC and not for polycrystalline SiC. In other work, it has been shown that both chemically vapour deposited (CVD) 3C-SiC and reaction bonded (RB-SiC) are easier to machine than single crystal SiC. 73 This is because of the difference in the mechanism of chip formation between single crystal and polycrystalline SiC.
